ABSTRACT This paper presents an effective approach for rock mass discontinuity extraction based on the terrestrial LiDAR scanning 3-D point clouds. First, a Quadtree-Octree index method that retained the adjacency relationship of rock point clouds was proposed to organize point cloud data in a high-efficiency manner. Second, the normal vector (NV) calculation was directly conducted by the local triangulated irregular networks together with eight neighborhood areas. Third, a double-clustering strategy was developed based on the Quadtree-Octree index and NV calculation discussed in Step one and two. The first clustering was conducted in the point cloud matrix at each station, whereas the second clustering among multiple stations. Fourth, an extended random sample consensus algorithm was designed with two separate checks (distance and angle) to detect whether the compliance with certain constraints occurred between rock point clouds and fitting planes. The proposed method were evaluated by a real field data set in China and a public data set from Rockbench. The feasibility of the proposed method were verified by these two data sets, which indicated a promising perspective for the field engineering survey.
I. INTRODUCTION
Rock mass joints are referred to discontinuities and partition planes, which not only destroy the integrity of rock but also affect its mechanical properties and distribution. It is, therefore, important for the monitoring of rock mass stability and permeability [1] . Rock mass behavior highly depends on the characteristics of discontinuities and rock properties [2] . During the excavation process, the rock surface is generally de-composed into several facets showing various directions and uneven shapes. Therefore, a thorough understanding of discontinuity properties, especially joint orientations, is crucial for rock engineering and geology [3] .
Many scholars have been working on the extraction of rock mass properties [4] - [9] . Currently, two approaches have been widely utilized to obtain relevant information. The first method relies on traditional manual measurements, such as geo-mechanical classification, scanline measurement and window sampling. The geo-mechanical classification has been used for over two decades to evaluate the rock mass performance based on inherent structural parameters [10] . Specifically, the classification method always needs precise a-prior information of structural parameters [11] , [12] . These parameters are manually measured using a geological compass or clinometer in the field, and recorded in a survey notebook. In the scanline measurement, a rock surface is measured with the scanline perpendicular to the structural planes, measurement are made for all discontinuities that cross the scanlines. The window sampling measurement always yields average information in a window area, such as numbers of face sets, strike, size and roughness. Window sampling measurement is in general faster than scanline measurement since less data is taken per unit area, and is very efficient for characterizing larger rock exposures such as open pit mines and large natural rock slopes [3] .
However, these traditional methods are always associated with practical disadvantages due to difficulties including the choice of sampling method, the deviation of manual operation, and equipment errors. Occasionally, it is difficult to access rock faces, especially those with higher slopes. In other words, the rock mass data quality and availability cannot always be guaranteed.
An alternative approach is based on remote sensing technologies. Specifically, photogrammetry (PH) and terrestrial LiDAR scanning (TLS) are two remote sensing methods primarily used for discontinuity analysis [13] , [14] . Extensive efforts have been made on remote sensing methods for rock mass [15] - [21] . The advantages of PH are remote and highresolution in both large [22] , [23] and small scale [24] , [25] , which can be used to retrieve relevant rock mass features semi-automatically. However, the PH technology requires a series of processing steps, such as adjustment for geometry, distortion correction, image mosaic and image enhancement. In other words, the computational burden of the PH technology is complicated.
TLS is another remote sensing technology capable of the rock mass discontinuity analysis. A number of publications show that TLS is able to calculate and analyze rock mass or landslide features based on 3D point cloud data [26] - [30] . The process of obtaining TLS data is simpler and the field work is more efficient [31] , [32] . Compared with the discontinuity extraction based on triangulated point cloud, the idea of the processing on the initial point cloud data can directly obtain real information of rock mass, which not only simplifies the procedure but also improves efficiency [33] - [37] . Point clouds may occasionally contain a number of invalid data and noise. As the discontinuity extraction involves repeat retrieval and calculation of a large number of point clouds, any disadvantage of point cloud data organization would degrade the computational efficiency [38] - [41] . A number of spatial index methods have been developed till now, and the index space can be subdivided regularly or irregularly [32] . Although the importance of high efficiency organization of point cloud data [42] , there is no optimal index for all situations [43] , [44] . For example, the K-D tree is a fast indexing method for nearest neighbor queries, especially in the case of the given point to query its neighborhood [45] . The Quadtree is well suitable for regularly distributed data such as airborne LiDAR data of building roof and canopy [46] , however, the subtree is unbalanced and also inefficient when the data are unevenly distributed [47] .
The rock discontinuity extraction and identification can be considered as a point cloud segmentation and surface fitting problem [48] . The regional growth algorithm, clustering algorithm and model fitting algorithm are commonly used [49] . Compared with these three algorithms, the discontinuity segmented from complex point clouds may obtain spurious surface results [50] . A model fitting algorithm such as Random Sample Consensus (RANSAC) is more efficient and robust in the presence of noise and outliers [51] , [52] . It is still a challenge for the segmentation for massive unstructured point clouds using the current RANSAC algorithm, which may lead to bad-segmentation results, including: Over-segmentation (one feature to multiple segments); Under-segmentation (multiple features to one segment); and No-segmentation (feature is not segmented or wrongly segmented) [50] , [53] , [54] . To sum up, there are still some problems presently [55] : a small amount of post-processing is still needed to avoid false segmentations which can be problematic for small objects; spurious planes still may occur in extreme conditions. It is difficult and complex to extract lines or planes from 3D point clouds containing noise and invalid data.
In this study, we propose an effective approach for the rock mass discontinuity extraction from high-resolution 3D TLS point clouds. The content is organized as follows: (a) an introduction of discontinuity extraction is presented firstly; (b) the methodology of the proposed approach including the Quadtree-Octree index, the normal vector (NV) calculation, a double-clustering and an extended RANSAC algorithm are presented secondly; (c) two tests and corresponding analysis are shown thirdly to validate the proposed method; (d) conclusion with several findings finally. 
II. METHODOLOGY
In this section, we proposed an effective approach for rock discontinuity extraction using TLS, which consisted of a high-efficient point cloud organization structure featured by the Quadtree and Octree indices, NV calculation, a doubleclustering and an extended RANSAC algorithm. The overall flowchart was demonstrated in Fig. 1 . Detailed explanations were presented below respectively.
A. QUADTREE-OCTREE INDEX
Each point in the TLS point cloud data could be referred to one image pixel whose row and column numbers followed the sequential order of vertical and horizontal laser beam emitting angles [23] . In the TLS point clouds scanned at each station, the original topological relationship was retained. A new point cloud organization structure was proposed based on the original topological relationship for the following NV calculation and clustering conduction. A combined Quadtree and Octree indices method was designed in this paper for spatial query processing. Quadtree was designed for the original point cloud data, whereas Octree for the point cloud management after the registration process where point cloud coordinates did not changed immediately. Instead, the rotation, translation and scaling matrices were separately saved. Quadtree was used to organize point clouds at each station, in which the dimension could be arbitrarily set. For example, a grid size of 32×32 was used to divide the point clouds in this study. The Quadtree-Octree index procedure was depicted in Fig. 2 .
First, the point clouds at each station were placed in the sequential order of laser beam emitting angles. The 3D minimum bounding boxes of each leaf node in the registration coordinate system were calculated using the registration matrix.
Second, all point cloud data at this station were divided into 32×32 groups in which the topological relationship was preserved.
Third, the former two steps were repeated at consecutive stations until all bounding boxes were merged.
Fourth, Octree was used as the data structure to partition the registered bounding boxes. An intersection process was adopted between the minimum bounding boxes of leaf node obtained by Quadtree and Octree. If the intersection existed, the leaf node code in Quadtree was saved into that of Octree.
On the one hand, Octree saved the code of Quadtree as a leaf node rather than the point cloud data. On the other hand, the topological relationship could also be retained. These two advantages improved the computational efficiency for the following NV calculation.
B. NV CALCULATION
Point cloud in one scanning could be saved as an image. One point was referred to one pixel, whose row and column numbers followed the order of the vertical and horizontal laser beam emitting angle. This data structure maintained the physical topological relationship between points, which brought a low searching cost to access these points via their column and row numbers [11] , [50] . A triangle was created afterwards with six points (marked as red arrows) from eight neighborhood areas in a consistent direction. Six triangles marked in blue with a common vertex of P(i, j) were created. The NV of point P(i, j) was calculated as the average value of these six triangles. It should be noted that the NV of points on the boundary were directly assigned as that of their closest point. The neighborhood of these points was precisely known, and therefore, the NV calculation of point cloud could be directly conducted based on these rigorous relationships. Using the clear topological relationship, the local triangulated irregular networks were adopted to calculate NV together with eight neighborhood areas as shown in Fig. 3 .
C. DOUBLE-CLUSTERING
Due to the high efficiency of point cloud organization by the Quadtree-Octree index, the NV calculation could be achieved in a quick manner. After the NV calculation at each station, the 1 st clustering process was carried out in the point cloud matrix. With the 1 st clustering at multiple stations, independent NVs were transformed to the global coordinate system using their registration matrices. A 2 nd clustering was performed afterwards based on the subsets in Quadtree. The double-clustering procedure was explained by Fig. 4 as follows:
First, stations A and B were taken as an example. The initial point cloud matrix was organized by Quadtree. A1, A2, B1 and B2 represented the leaf nodes in stations A and B, respectively, which saved point cloud data containing close topological relationship orderly.
Second, the objects of 1 st clustering contained all nodes in the same level as A1, A2, B1 and B2. The clustering was carried out using the regional growth method with calculated NVs. The nodal data were clustered into subsets by comparing the angle between two NVs with respect to a userdefined threshold. For example, A1 was divided into three subsets (1), (2) and (3); B1 was divided into four subsets (4), (5), (6) and (7); A2 was divided into two subsets (8) and (9); B2 was divided into four subsets (10), (11) , (12) and (13) . In a word, the objective of this step was to divide nodal data into small subsets.
Third, all subsets were transformed into the global coordinate system based on registration parameters. In Fig. 4 , A1, A2, B1, and B2 belonged to the same leaf node of Octree. After the registration of stations A and B, the 2 nd clustering was applied for the leaf node of Octree.
Fourth, the final clustering results were illustrated in the bottom of Fig. 4 . By the comparison between the NV angle and the user-defined threshold, four subsets of (1, 4, 8, 12) , (2, 5, 9, 13), (3, 6, 10) and (7, 11) were obtained in the global coordinate system.
D. AN EXTENDED RANSAC ALGORITHM
In this subsection, an extended RANSAC algorithm was proposed to extract the discontinuities of rock mass. The least-squares method was used to calculate the initial discontinuities of rock mass. If the planar surface fitting was utilized to model discontinuities, the minimum number (N) was three. Equation (1) represented the planar surface as
Where (A,B,C) was the NV for the planar surface and D was the perpendicular distance between the fitting plane and the original point OP (first point in each planar surface). The calculation was explained as follows:
First, for each subset, the least-squares method was used to calculate the planar surface parameters
Second, the NV of each subset was added to OP; Third, the perpendicular distance PD between OP and its fitting plane PL was calculated by (2)
Fourth, define the planar surface model of neighborhood subset P i including coordinates, NV and PD. All point clouds were divided into subsets according to the calculated PD by θ was calculated as the angle between the NV (n x , n y , n z ) value with smallest PD and the others using (3).
= a cos (n x 1 × n x 2 ) + (n y 1 × n y 2 ) + (n z 1 × n z 2 ) (3) By properly choosing θ ranges, all points within the range could then be clustered as parallel surfaces (PS) groups, such as:
Based on clustered PS groups, an extended RANSAC algorithm was developed for discontinuity extraction. Unlike the original RANSAC algorithm, two checks were added as shown in Fig. 5 .
First, the distance PD 3pl of the point P i and the userdefined threshold value Tol th were compared. If PD 3pl was greater than Tol th , switch to the next point P i+1 . Otherwise, compare the angle between NV of the point P i and NV of the fitting plane calculated. Second, the relationship between θ and the user-defined threshold value θ th was compared. If cosθ was greater than cosθ th , the point P i was accepted and then added to the accepted point set in the parallel surface model. Otherwise, the point P i cannot be accepted and switch to the next point P i+1 .
III. TESTS AND ANALYSIS
In this section, two TLS experiments were assessed to validate the proposed method. Test A (Fig. 6 ) was a real rock mass of abandoned quarry, one part of a field spathic greywacke located in Wuhan, China. Test B (Fig. 10) was a public LiDAR data available at Rockbench [3] , which can provide an inter-comparison between our method and those of other researchers.
A. TEST A
The point cloud of the rock face was scanned by a long-range 3D laser scanner (RIEGL LMSZ420-i) as shown in Fig. 6 . The photograph and the point cloud of test area were shown in Fig. 7 . After clustering the point cloud within the test area, all valid points were merged to obtain discontinuity surfaces represented by different colors in Fig. 8. Fig. 9 was the final result of the rock mass discontinuities extracted by the proposed method.
A standard geo-mechanical survey was performed by compass and treated as reference in Test A. Four principal discontinuity sets were obtained. The data analysis of traditional measurement was shown in Table 1 . There were two types of measurements obtained by compass A and B with maximum differences of azimuth and dip of 12 • and 6 • , respectively. The mean value of the compass A and B was used afterwards as the optimum estimate of manual measurement to evaluate the proposed method in this study.
The results of compass A and B were considered as two observations with equal precision. According to the error propagation theory, the root mean square (RMS) error of azimuth and dip were calculated by
Where d azimuth and d dip were the difference of two observations, respectively; n was the number of discontinuity sets. Generally speaking, two or three times RMS could be treated as the limit error of measurement. In this study, two times RMS (5.67 • and 2.29 • ) was defined as the limited error of azimuth and dip, which were 11.34 • and 4.58 • .
The proposed method was validated by a comparison between our calculation and the optimum value of the azimuth and dip as the mean value of the compass A and B obtained in Table 1 . Results between our calculation and the reference were listed in Table 2 . The maximum difference of azimuth was 5.5 • , whereas that of dip was 2.5 • . Based on (4) and (5), the RMS error of azimuth and dip calculated by our method were3.25 • and 1.30 • . As our calculation (3.25 • and 1.30 • ) of azimuth and dip were smaller than the limited errors (11.34 • and 4.58 • ), it could then be concluded that the proposed method was correct, which indicated a promising perspective in field engineering surveys [56] .
B. TEST B
The second experiment was a public LiDAR data provided by Rockbench, a real rock cut located in Ouray Colorado USA (Fig. 10) . More details could be retrieved at www.3d-landslide.com/projects/discontinuity/. In this study, the results of Riquelme et al. [38] was selected as reference, which had been evaluated by the software package Polyworks and the Fernández method [56] . Five principal discontinuity sets identified by Riquelme et al. [38] was shown in the left plot of Fig. 11 .
In the research of [38] , the results calculated using Fernández method [56] was served as the optimum value, and azimuth and dip were validated by comparing the study of Riquelme et al. [38] with the results of Fernández [56] . The difference and the mean error were analyzed in the research of [38] . During the analysis, the results of Riquelme et al. [38] were consistent with those of Fernández [56] , they could be regarded as the optimum estimation. Similarly, in this section, the result of Riquelme et al. [38] can be regarded as the optimum value too. Therefore, our method could be validated by comparison with that of Riquelme et al. [38] for the azimuth and dip.
Based on the proposed method described above, the Quadtree-Octree index, NV calculation, clustering and FIGURE 11. Five principal discontinuity sets detected by the reference [38] (left) andd the proposed method (right).
extended RANSAC processes were sequentially applied to detect the discontinuity sets in Test B. The results illustrated in the right plot of Fig.11 demonstrated five principal discontinuity sets marked in different colors. As shown in Fig. 11 , four discontinuity sets J 1 , J 2 , J 4 and J 5 detected by our method were quite consistent with those by the reference. However, a relatively visible deviation in the discontinuity set of J 3 was observed between two plots of Fig. 11 . Because of the non-plane feature of rock mass, the normal vector direction and spatial location were two critical factors for clustering. If multiple surfaces were pretty close and also their NVs, these surfaces could be regarded as a single discontinuity set.
Some numerical values of the five detected discontinuity sets were listed in Table 3 for a comparison of our method and the reference. Similar to Fig.11 , the maximum difference was identified for the discontinuity set J 3 . More specifically, the maximum azimuth and dip differences were 7.67 • and 3.87 • , respectively. 
IV. CONCLUSION
In this paper, we proposed an effective approach to extract rock mass discontinuity based on TLS 3D point cloud data. The proposed method consisted of four processes: a Quadtree-Octree data organization, normal vector calculation, a double-clustering and an extended RANSAC algorithm.
First, a high-efficiency organization index of Quadtree and Octree that maintained the adjacency relationship of rock point clouds was proposed. Based on the combined index, the massive rock point clouds were grouped into subsets in order to improve the efficiency of calculation. Second, based on the clear topological relationship in QuadtreeOctree index, the NV calculation could be directly conducted by the local triangulated irregular networks together with eight neighborhood areas. The relevant efficiency and accuracy of the results could be improved. Third, a doubleclustering strategy was developed based on the QuadtreeOctree index and NV calculation discussed before. The 1 st clustering was conducted in the point cloud matrix at each station, whereas the 2 nd clustering among multiple stations. Fourth, an extended RANSAC algorithm was designed with two separate checks (distance and angle) to detect whether the compliance with certain constraints occurred between rock point clouds and fitting planes.
In order to verify the feasibility of the proposed method for rock mass discontinuity extraction, two tests were adopted in this study. The first experiment was a field TLS work with the reference of compass. The RMS error of azimuth and dip calculated by our method were 3.25 • and 1.30 • , much smaller than the limited errors (11.34 • and 4.58 • ). The second experiment was based on a public LiDAR data provided by Rockbench. Four out of five discontinuity sets detected by both methods were pretty consistent. The last discontinuity set was slightly different as multiple close-separated surfaces with similar NVs were regarded as a single discontinuity set in our method.
Therefore, it can be concluded that the proposed approach is feasible and effective for rock mass discontinuity extraction based on TLS 3D point clouds. His current research interests include the application of information technology in the context of big data analysis and knowledge maps, and the applications of virtual reality.
